Background: Metformin, a first line antihyperglycemic medication, is an AMPK activator and has been hypothesized to act as a geroprotective agent. Studies on its association with various classifications of age-related cognitive decline have shown mixed results with positive and negative findings. Objective: To synthesize the best available evidence on the association of metformin-use with risk, progression, and severity of dementia. Method: Eligible research investigated the effect of metformin on dementia, Alzheimer's disease, or any measure of cognitive impairment compared to any control group who were not receiving metformin. The initial search resulted in 862 citations from which 14 studies (seven cohort, four cross-sectional, two RCTs, and one case control) were included. Results: Meta-analysis of three studies showed that cognitive impairment was significantly less prevalent in diabetic metformin (Odds ratio = 0.55, 95%CI 0.38 to 0.78), while six studies showed that dementia incidence was also significantly reduced (Hazard ratio = 0.76, 95%CI 0.39 to 0.88). Mini-Mental State Examination scores were not significantly affected by metformin-use, although both RCTs showed that metformin had a neuroprotective effect compared to placebo. Some studies found negative or neutral effects for metformin use by people with diabetes; the potential mechanism of metformin-induced vitamin B12 deficiency is discussed. Conclusions: Metformin should continue to be used as a first line therapy for diabetes in patients at risk of developing dementia or Alzheimer's disease. The use of metformin by individuals without diabetes for the prevention of dementia is not supported by the available evidence.
INTRODUCTION
The global prevalence of dementia was 35.6 million people in 2010, affecting 5-7% of people aged 60 years or over [1] . The most common form of dementia is Alzheimer's disease (AD), which represents 50-75% of cases [2] . Due to the aging population, the increasing prevalence of dementia is not expected to decline without a major breakthrough in prevention. Another disease with a troublingly high prevalence is diabetes, which affects 5-9% of the overall population [3, 4] , and over a quarter of those aged ≥65 years [4] . Diabetes is associated with the onset of dementia and AD [5] ; a meta-analysis of 28 longitudinal studies demonstrated that people with diabetes had a 73% increased risk of developing dementia and a 56% increased risk of developing AD compared to the general population.
The mechanism behind the association between diabetes and dementia is likely to be multifactorial with evidence supporting the involvement of chronic low-grade inflammation, oxidative stress, vascular effects, increased cerebral amyloid-␤ peptides, hyperinsulinemia, brain insulin resistance, and the formation of advanced glycation end-products [6] [7] [8] . An influential factor is elevated blood glucose, which occurs as a direct consequence of diabetes and has been shown to cause impaired episodic memory even in people who do not have diabetes [9] .
Metformin, a biguanide and first-line antihyperglycemic drug for type 2 diabetes, is an insulin sensitizer that reduces blood glucose by increasing glucose uptake into muscles while reducing liver gluconeogenesis through the activation of AMP-activated protein kinase (AMPK) [10] . The contemporary popularity of metformin as a therapy for diabetes stems from the UK prospective diabetes study (UKPDS), a multi-center, randomized controlled trial (RCT) with a median follow up of over 10 years carried out in overweight patients with type 2 diabetes [11] . It showed that intensive blood glucose control with metformin reduced the incidence of diabetes-related endpoints and all-cause mortality.
However, older people have been observed to be less likely than younger people to be receiving metformin [12, 13] . This difference in prescribing patterns may be detrimental as metformin-use has been associated with reduced rates of dementia [14, 15] and improved cognitive function [16] [17] [18] . The clearest mechanism for metformin to act on the development of dementia in patients with diabetes is by preventing hyperinsulinemia which contributes to the formation of amyloid-␤ plaques in the brain and the onset of AD [19] . However, the glucose lowering effects of metformin also reduce the formation of advanced glycation end-products [20] as well as inflammation and oxidative stress [21] . These processes are exacerbated by uncontrolled diabetes and have been linked to the development of dementia [22] .
Interestingly, the effect of metformin on inflammation occurs independent of diabetes status [21] . Moreover, effects of metformin mimic caloric restriction [23] through activating AMPK. Both caloric restriction and metformin have been found to slow the aging process in animals [24, 25] , and caloric restriction can improve memory in older people [26] . Metformin could therefore be able to prevent or delay the development of dementia beyond its effect on diabetes control. Metformin's potential as a geroprotective agent is supported by a recent systematic review which found that metformin reduced mortality and diseases of aging (cardiovascular disease and cancer) independently of its effect on diabetes control and in comparison to patients who did not have diabetes [27] .
Conversely, some evidence suggests that metformin could damage cognitive health. A cell culture model found that it increased the formation of amyloid-␤ [28] , while one observational study found that its use was associated with an increased rate of AD [29] and another found metformin lowered cognitive function [30] . The latter study suggested that this effect could be due to vitamin B 12 deficiency, potentiated by metformin, which causes cognitive impairment [31, 32] .
The unresolved question as to whether treatment with metformin safeguards or harms cognitive health in older people impedes clinical practice in this area. Therefore, this systematic review aims to identify and synthesize the best available evidence on the effect of metformin on the risk, progression and severity of AD and any other forms of dementia, as well as its effect on measures of cognitive ability or impairment.
METHODS
This systematic review was carried according to an a priori registered protocol [33] .
Inclusion criteria
Eligibility criteria for study inclusion were as follows: Population: Any study on human participants was eligible for inclusion. Although the majority of studies were on older people with diabetes, that was not a criterion for inclusion. Exposure: Studies in which participants received metformin at any dose for any duration were included. Comparator: Any study that included a control group in which participants were not being treated with metformin was eligible for inclusion. This included people not receiving any therapy as well as those receiving other treatments for diabetes. Outcomes: Studies that investigated risk (or incidence), severity or progression of dementia (including subtypes of dementia such as AD or vascular dementia) as well as cognitive impairment or performance (whether investigated as a continuous measure or dichotomized using threshold values) were eligible for inclusion. Types of studies: Any controlled experimental studies or observational study designs (including cohort, case-control or crosssectional studies) were eligible for inclusion in this systematic review.
Search strategy
PubMed, Embase, and PsycInfo were searched for published literature while the International Clinical Trials Registry Platform, ProQuest Dissertations and Theses Global, and OpenThesis were searched for "unpublished" data. No date restrictions were applied, however only English language articles were eligible for inclusion. Searching was carried out in May 2017 (Supplementary Material 1). Title and abstract screening was followed by the retrieval of potentially relevant full-texts which were compared to the inclusion criteria to identify eligible studies. The reference lists of included papers were reviewed for additional studies.
Assessment of methodological quality and data extraction
Critical appraisal was carried in duplicate by independent reviewers using the standardized Joanna Briggs Institute (JBI) appraisal checklists for experimental, cohort, case control, and cross-sectional studies [34] with consensus reached through discussion between reviewers. Studies were eligible for inclusion if they met >50% of quality criteria. Data was extracted using a template that included fields for study methodology, study design, inclusion criteria, data source, country, exposure, comparator, sample size/events, follow up, outcome(s), outcome data, and statistical adjustments. Attempts to contact corresponding authors by email where additional data was needed were unsuccessful: in these cases, findings have been summarized narratively.
Data synthesis
Where possible, odds ratios (ORs) were pooled using the inverse variance method with a random effects model from RevMan (Review Manager, [Computer program]. Version 5.3. Copenhagen: The Nordic Cochrane Centre, The Cochrane Collaboration, 2014). Maximally adjusted data were included in all analyses. Longitudinal data was converted to hazard ratios (HRs) using the methods described by Tierney et al. [35] . For one study that reported OR and showed that their incidence ratio was constant [36] , OR was substituted for HR which could not otherwise be calculated. Heterogeneity was assessed using the χ 2 and I 2 tests. Analysis of publication bias was planned, but too few studies (<10) were found per outcome. Sensitivity analyses have been performed based on control groups utilized, diagnostic criteria and to identify sources of heterogeneity.
RESULTS
The initial search returned 862 citations which was reduced to 746 following the removal of duplicates. Twenty-three studies were identified after review of the titles and abstracts. Full-texts were retrieved and a further six studies were excluded for not including the relevant population [37] , exposure [38] [39] [40] , comparator [41] , or outcome [42] . A further three studies were excluded on the basis of scoring ≤50% on critical appraisal [17, 43, 44] , leaving 14 included studies ( Fig. 1 ). Most included papers were observational Fig. 1 . PRISMA flow chart. study designs, the majority being cohort studies [14, 15, 36, [45] [46] [47] [48] , as well as four cross-sectional [16, 30, 49, 50] and one case-control study [29] . Additionally, two RCTs were identified and included [51, 52] . Studies were carried out in Taiwan [14, 15, 47, 49] , USA [36, 50, 52] , Australia [30, 46] , Germany [45] , Singapore [48] , UK [29] , China [51] , and Japan [16] . Three of the studies carried out in Taiwan drew their data from the National Health Insurance Research Database, but either investigated different outcomes or utilized separate cohorts [14, 15, 47] . Sample sizes varied from 114,199 [15] to 27 [49] and follow up varied from 24 weeks [51] to 9 years [36] ( Table 1) . Additional details on the covariates which were adjusted for in statistical analyses are included in Supplementary Table 1 . Critical appraisal of the included studies showed that studies were rigorous in most areas (Supplementary Table 2 ). Exceptions were that the cohort studies had potentially impactful differences between groups at baseline and did not provide sufficient detail on loss-to-follow-up, neither of the RCTs reported whether assessors were blind, and most of the cross-sectional studies did not describe how metformin exposure was assessed.
Incidence and prevalence of dementia
Three studies reported cross-sectional prevalence data which could be pooled in meta-analysis. Liccini et al. [50] assessed cognitive dysfunction using rapid cognitive screen score ≤7 (a score of ≤5 would indicate dementia [53] ), Yokoyama et al. [16] used the Mini-Mental State Examination (MMSE) and classed scores <24 as indicating abnormal cognition, while Ng et al. [48] also used the MMSE but with a cut-off of ≤23. All three studies included patients with diabetes who were not being treated with metformin as their control group. Meta-analysis showed that using metformin for diabetes management was associated with a lower likelihood of having developed cognitive impairment (OR = 0.55, 95%CI 0.38 to 0.78; p = 0.0009, Fig. 2 ). When the analysis was restricted to patients who would be classed as having dementia by the tool used (Yokoyama et al. and Ng et al.) results were not meaningfully impacted (OR = 0.56, 95%CI 0.37 to 0.85, p = 0.007). A further cross-sectional study [30] could not be included in the meta-analysis due to incompatible design. It was carried out in a cohort constructed from patients who were cognitively intact, had mild cognitive impairment, or AD (but not patients with other forms of dementia). Here, metformin use was associated with worse cognitive performance (based on ordinal analysis after patients were classified as "most impaired" (MMSE <18), "mildly impaired" (MMSE 18-23), "minimally impaired" MMSE 24-27) or "not impaired" (MMSE 28-30)). The effect was attenuated and non-significant when adjustments for vitamin B 12 levels were made.
Six cohort studies investigated the effect of metformin on the longitudinal incidence of dementia compared to patients with diabetes not taking metformin [14, 15, 36, 45, 47, 48] . There was methodological heterogeneity due to the differences in the control groups utilized which included patients with diabetes receiving sulphonylurea [14] , no drug therapy [15] , or any patients with diabetes not receiving metformin [14, 36, 45, 47, 48] (Table 1) . Periods of follow-up also differed; however, the use of incidence ratios should limit the impact of this source of variation. All studies had the clinical diagnosis of dementia or AD as their outcome except Ng et al. [48] who utilized MMSE score. Meta-analysis of these studies showed that patients with diabetes taking metformin had decreased risk of developing dementia or AD compared to other patients with diabetes (HR = 0.76, 95%CI 0.60 to 0.97; p = 0.03, Fig. 3 ). When meta-analysis was restricted to studies which had adjusted their results for the effect of metformin diabetes management [36, 48] , metformin-use still resulted in a significant reduction in incidence of dementia (HR = 0.50, 95%CI 0.27 to 0.91; p = 0.02).
Several studies reported additional longitudinal data that could not be included in the meta-analyses. Wang et al. [36] used advanced modeling to subdivide their cohort into patients with different levels of risk for developing age related diseases including a high cancer risk class, high cardiovascular disease risk class, high frailty risk class, and a healthy class (who had low risk of developing any of these age-related diseases). The effect of metformin on dementia incidence was observed in the high frailty risk class and the healthy class (which was included in the meta-analysis due to being largest and most generalizable), but was not significant in the other two groups. Cheng et al. [14] also compared the results of patients treated with thiazolidinedione to patients treated with metformin and found an even larger effect than was observed in comparison to sulphonylurea (which was included in the meta-analysis due to having the larger sample size and being a more common therapy). Ng et al. [48] reported analyses where they subdivided their cohort into patients who had received metformin for 6 years or less before Fig. 2 . Meta-analysis of the likelihood of having cognitive impairment in patients with diabetes receiving metformin compared to other patients with diabetes. Fig. 3 . Meta-analysis of the incidence of dementia or Alzheimer's disease in patients with diabetes receiving metformin compared to other patients with diabetes.
baseline and those who had received it for more than 6 years and found that the effect of metformin on dementia incidence was only seen in the patients with long-term use. Similarly, Hsu et al. [15] divided their cohort into patients who had had diabetes for >7 years, 4-7 years, and ≤3 years. Exclusive metformin users had a significant reduction in dementia incidence in the long-term cohort (HR = 0.62, 95%CI 0.43 to 0.91, p < 0.05); however, the effect was nonsignificant in the second cohort (HR = 0.64, 95%CI 0.38 to 1.08) and much reduced in those with shortest use (HR = 0.81, 95%CI 0.48 to 1.36). Finally, the case-control study [29] investigated the risk of AD (excluding other dementias) in patients who had received 1-9, 10-29, 30-59, and ≥60 prescriptions for metformin compared to patients with diabetes who had not been treated with metformin. Unadjusted analyses showed significant reductions in the risk of AD for patients who Two studies carried out longitudinal analyses to investigate the incidence of dementia in patients with diabetes using metformin compared to people who did not have diabetes (and were therefore not taking metformin) [15, 45] . The results of a meta-analysis showed a non-significant increased risk of developing dementia in the people with diabetes taking metformin (HR = 1.42, 95%CI 0.95 to 2.11, p = 0.08, Fig. 4) . Imfeld et al. [29] compared the prevalence of AD in patients with diabetes who had received 1-9, 10-29, and ≥30 prescriptions of metformin as monotherapy to non-diabetic people, but did not find any significant effects.
Cognitive performance
The two RCTs both compared the performance of patients treated with metformin to those who received a placebo. Guo et al. [51] showed that in patients with diabetes who also had depression who were not receiving insulin or any other antihyperglycemic medication, metformin over 24 weeks significantly improved cognitive performance on all items of the Wechsler Memory Scale-revised (Verbal memory index = 22. Interestingly improved performance correlated with improved depression which in turn correlated with improved HbA1c. The second RCT investigated the effect of 12 months of metformin therapy in patients with amnestic mild cognitive impairment and body mass index (BMI) ≥25, but no diagnosed diabetes [52] . Change from baseline in Selective Reminding Task significantly favored the metformin treated patients (Unit change in test: Metformin = 9.5 ± 6.1; Placebo = 5.4 ± 6.1, p = 0.05); however, changes in the other primary outcome, Alzheimer's Disease Assessment Scale-Cognitive were non-significant (Metformin=-0.5 ± 4.1; Placebo = -1.4 ± 4.1, p = 0.34). Secondary measures included the Clinical Global Impression of Change for mild cognitive impairment, logical memory II delayed paragraph recall subtest of the Wechsler Memory Scale Revised, MMSE, Neuropsychiatric Inventory Questionnaire, and digit span backwards; however, no significant effects were observed.
Three observational studies [30, 48, 49] reported on average performance on the MMSE for patients with diabetes receiving metformin compared to other patients with diabetes; however, no significant effect was found (WMD = -0.68, 95%CI -2.37 to 1.02; p = 0.43, Fig. 5 ). Results were not adjusted for differences in patient characteristics. One additional cohort study, Herath et al. [46] , reported that metformin users showed significantly better performance at baseline with the digit span backwards test compared to other patients with diabetes; however, there was no change associated with metformin-use at 4 years follow up. Other measures included MMSE, Symbol Digit Modalities Test, Immediate recall, Spot-the-Word task, Trail Making Test A and B, Purdue Pegboard Test, Selective Reminding Test, and Choice Reaction Time, but no differences were found.
DISCUSSION
This systematic review found that the available evidence provides some support for metformin having a protective effect against dementia in people who are taking it for the management of diabetes. Meta-analysis of cross-sectional studies showed significantly reduced prevalence of cognitive impairment and dementia amongst users of metformin compared to other patients with diabetes. One study, Moore et al., which could not be included in the meta-analysis, contradicted this result with a significant finding of worse cognitive performance in metformin users which was mitigated by adjustment for vitamin B 12 levels [30] . Interestingly, this study was carried out in Australia where average vitamin B 12 concentrations have been reported at lower levels than the USA [54] , Japan [54] , and Singapore [55] where the studies included in the metaanalysis-which homogenously provided evidence of a protective effect-were carried out [16, 48, 50] . Vitamin B 12 deficiency can be induced by metformin [31] and has been linked to cognitive impairment [32] . This suggests that metformin may exert a dual effect on cognitive health; counteracting the neurodegenerative effects of diabetes, but harming patients who are vulnerable to vitamin B 12 deficiency. Evidence for this hypothesis is largely circumstantial, however, and requires direct investigation.
Meta-analysis of the included longitudinal studies reinforces metformin's potential for neuroprotection amongst patients with diabetes by showing that its use was also associated with significantly reduced incidence of dementia and AD. Although more studies were included in this meta-analysis, the control groups utilized varied considerably. Additionally, once again there was one study, Imfeld et al. [29] , that found a significant association between metformin-use and AD. The findings of this study were complicated by the fact that no dose response effect was apparent, and statistical adjustment, which was performed without assessing multicollinearity, changed crude findings of significant protection to neutral results, and neutral results to significant findings of harm. Interestingly, this negative finding was made in the UK, where vitamin B 12 deficiency among older people has been reported to exceed 30% [54] . Further supporting the hypothesis that metformin has an overall neuroprotective role in patients with diabetes but can have a detrimental effect in those vulnerable to B 12 deficiency is the fact that the statistical heterogeneity in this meta-analysis was entirely due to the inclusion of Heneka et al. [45] ; its removal from the meta-analysis transformed the I 2 value (a measure of magnitude of heterogeneity) from 63% to 1%. In their German cohort, where vitamin B 12 levels have been reported at even lower levels than the UK [54] , Heneka et al. found close to no relationship between metformin and dementia incidence. An additional longitudinal study that was published after the search phase of the review was completed reported an apparent detrimental effect for metformin on the incidence of dementia in Taiwanese patients with type 2 diabetes [56] . Unfortunately, we could not locate any studies that investigated vitamin B 12 levels in Taiwan. A sensitivity analysis found that when data was adjusted for the level of diabetes control achieved the effect of metformin on dementia incidence remained significant. This analytic strategy has been used in the past to investigate whether geroprotective effects of metformin therapy may be due to reasons other than its effect on glycemic control [27, 57] and therefore potentially applicable to the non-diabetic population. However, in the meta-analysis where the incidence of dementia in patients with diabetes taking metformin was compared to individuals who did not have diabetes the result was a non-significant increase (Fig. 4) . This finding does not rule out the possibility that metformin had a positive effect, but that it was masked by the detrimental influence of diabetes. One of the RCTs, Luchsinger et al. [52] , included nondiabetic older people with amnestic mild cognitive impairment and found that over a year metformin produced a significant improvement in one measure of cognitive performance (Selective Reminding Task). However, there was no significant difference in several others. Additionally, the study cohort all had BMIs ≥25, greatly increasing the likelihood that the effect produced by metformin was due to its effects on insulin resistance. Overall, the findings of this review provide only very weak support for the hypothesis that metformin could preserve cognitive health in people who do not have diabetes.
The other RCT, Guo et al. [51] , also investigated the effect of metformin on measures of cognitive performance but in patients with diabetes (and depression) compared to patients who were not using any diabetes medication. It found that metformin-use significantly improved all measures of the Wechsler Memory Scale Revised. This finding that cognitive performance improved should be given greater weight than the meta-analysis of unadjusted observational data that found no significant effect of metformin on MMSE. Interestingly, its follow up period was just 24 weeks, whereas the two studies that examined length of metformin-use found that its neuroprotective effects appeared to emerge with longer-term use (8 and 6 years) [15, 48] . Luchsinger et al. [52] performed regression analyses which showed that the effects of metformin were greatest in younger patients. These findings suggest that metformin therapy is likely to be most effective when its use is begun early, although it can still be of benefit if begun after the onset of cognitive decline. This makes it most likely that metformin's main form of action is to reduce damage over time rather than acting directly on the brain as a nootropic. This could be confirmed in future research by comparing the cognitive function of older people taking metformin to those who had withdrawn for a short period.
Further research should include additional clinical trials with sufficient follow-up and sample sizes for meaningful event numbers to accumulate; the study by Luchsinger et al. had 12 months follow up and 80 participants, but only reported one dementia diagnosis in the control group [52] . Further clinical investigation of whether metformin can safeguard the cognitive health of people who do not have diabetes is warranted, but at this stage it should probably be restricted to those with the dementia risk factors of overweight, insulin resistance and/or metabolic syndrome [58] . Future observational studies should make use of propensity score matching, or at the least match for age and health status, to improve the validity of data by reducing baseline variability and, wherever possible, examine the interaction of metformin-use, vitamin B 12 levels, and cognitive decline. Wang et al. [36] found that older people at risk of frailty experienced the greatest benefit from metformin-use, while other subgroups saw no significant improvement. Further investigation of which patient characteristics increase the likelihood of metformin exerting a neuroprotective effect could enable personalized medicine.
The main limitation of this systematic review is that it draws primarily from observational studies, which were heterogeneous in design and had baseline differences within their sometimes small cohorts. However, the findings of the meta-analyses of observational data are reinforced by experimental research. A previous systematic review on the effect of insulin sensitizers on dementia did not include these RCTs or the most recent observational studies, and its metaanalysis on metformin did not reach significance [59] . Additionally, some studies restricted inclusion to people with type 2 diabetes while others also included type 1 diabetes. Finally, there was no data available on the influence of metformin dose.
Conclusions
This review suggests that metformin prevents or delays the development of dementia in patients with diabetes. Conflicting findings could be explained by low levels of vitamin B 12 in the community being exacerbated by metformin-use. This supports vitamin B 12 supplementation in patients taking metformin, particularly older adults. Evidence does not yet support the use of metformin by individuals without diabetes for prevention of dementia despite its apparent action as a general geroprotective agent [27] .
